A striking feature of microRNAs is that they are often clustered in the genomes of 26 animals. The functional and evolutionary consequences of this clustering remain 27 obscure. Here, we investigated a microRNA cluster miR-6/5/4/286/3/309 that is 28 conserved across drosophilid lineages. Small RNA sequencing revealed expression of 29 this microRNA cluster in Drosophila melanogaster leg discs, and conditional 30 overexpression of the whole cluster resulted in leg appendage shortening. Transgenic 31 overexpression lines expressing different combinations of microRNA cluster members 32 were also constructed. Expression of individual microRNAs from the cluster resulted 33 in a normal wild-type phenotype, but either the expression of several ancient 34 microRNAs together (miR-5/4/286/3/309) or more recently evolved clustered 35 microRNAs (miR-6-1/2/3) can recapitulate the phenotypes generated by the whole-36 cluster overexpression. Screening of transgenic fly lines revealed down-regulation of 37 leg patterning gene cassettes in generation of the leg-shortening phenotype. 38 Furthermore, cell transfection with different combinations of microRNA cluster 39 members revealed a suite of downstream genes targeted by all cluster members, as well 40 as complements of targets that are unique for distinct microRNAs. Considering together 41 the microRNA targets and the evolutionary ages of each microRNA in the cluster 42 demonstrates the importance of microRNA clustering, where new members can 43 reinforce and modify the selection forces on both the cluster regulation and the gene 44 regulatory network of existing microRNAs. 45 46 47 48
49
Introduction 50
Operation of genes within multigenic clusters is widespread, but the functional and 51 evolutionary implications of this are often poorly understood. In microbes, the poly-52 cistronic transcription of operons and anti-phage defensive system are well known for 53 their importance (Doron et al 2018). In animals, there are various examples of protein-54 coding genes that are regulated within clusters. For example, homeobox genes in the 55
Hox cluster are regulated through multigenic regulatory elements (Deschamps and 56
Duboule 2017). In addition to these cases of clustered protein-coding genes, non-57 protein encoding genes such as those producing microRNAs are also often found to be 58 There is an important difference between protein-coding versus microRNA gene 68 clusters in animals. The individual genes in protein-coding gene clusters tend to have 69 their own promoters, whereas microRNA clusters are often comprised of members 70 transcribed as a single unit or polycistronic transcript regulated by a single promoter 71 (Kozomara and Griffiths-Jones 2014). In addition, microRNA genes in a cluster are 72 sometimes found to be conserved in sequence and orientation (e.g. the miR-17 cluster 73 in mammals, Tanzer and Stadler 2004) . This could be a consequence of de novo 74 formation of hairpins in existing microRNA transcripts potentially being the major mechanism giving rise to new cluster members Wang et al 2016) . 76
Also, microRNAs in the same cluster are proposed to possess similar targeting 77 properties or regulate genes in the same pathway (e.g. Kim remains controversial with regards to whether they are non-adaptive, the by-product of 82 a tight genomic linkage, or simply expressed together due to unknown functional 83 constraints (e.g. Marco et al 2013) . A fundamental issue in these controversies is that 84 most of these studies rely on correlating expression of the cluster with in silico 85 prediction of their target genes. Systematic dissection of the functions of individual 86 microRNAs from a cluster versus the function of the cluster as a whole remains to be 87 tested. 88
89

Results and Discussion 90
The miR-309-6 microRNA cluster has a distinctive composition/ organization of miR-91 6/5/4/286/3/309 in drosophilids that is conserved across the genus ( Fig. 1A , 92
Supplementary data S1). The miR-309-6 cluster contains different microRNA family 93 members with different origins, such as miR-309 and miR-3 belong to MiR-3 family 94 that originated in the Pancrustacea, miR-286 is in the Protostomia conserved MIR-279 95 family and miR-4 belongs to the most ancient MIR-9 family (Fromm et al 2019; 96 To identify the targets that are being regulated by miR-101 309-6 clusters in different drosophilids, in silico prediction of the microRNA targets of 102 individual members of the cluster were carried out using miRanda and Targetscan 103 (Supplementary data S2). In D. melanogaster, 37-38% of the total target genes were 104 shared between at least 2 microRNAs in the cluster (Fig. 1B) . In other drosophilid 105 species, excluding the numbers predicted in D. willistoni because these are based on 106 only a small number of available transcriptomes, 12.59%-22.77% of targets were 107 shared between at least 2 microRNAs (Supplementary data S2). This is in agreement 108 with previous data that suggested that microRNAs within a cluster may share common 109 target genes (e.g. Kim segments due to overexpression of the whole microRNA cluster were fertile and able 147 to mate. Nevertheless, the mobility of both males and females was reduced. Moreover, 148 during courtship, more effort was required for males and females to copulate, and the 149 penetration time was dramatically reduced compared to wild type. 150
151
To dissect if select microRNAs in the cluster were responsible for the altered leg 152 phenotypes we generated homozygous UAS lines with subsets of members of the 153 cluster; -miR-309/3/286/4/5 (UAS-miR-309-5), UAS-miR-286/4/5 and UAS-miR-6-154 1/6-2/6-3. Also, UAS lines were generated that expressed individual cluster members; 155 UAS-miR-309, UAS-miR-3 and UAS-miR-286. All lines were crossed with GAL4-Dll 156 or GAL4-ptc drivers. Surprisingly, Dll or ptc-driven overexpression of either miR-309-157 5 or miR-6-1/6-2/6-3 ( Fig To understand which target genes are regulated by this microRNA cluster, total RNA 181 was extracted from the leg discs of third instar larvae of GAL4-ptc>miR-309-6 and 182 GAL4-ptc (control), and subjected to Illumina Hi-Seq2500 sequencing. Third instar 183 larvae were chosen as this is the developmental stage in which leg tarsal segments 184 differentiate (Kojima 2004 ). Differentially expressed genes are shown in 185
Supplementary data S8. Expression levels of CG32264 and CG10420 were similar in 186 both the GAL4-ptc>miR-309-6 and control, further reducing the possibility that the 187 phenotypic change was caused by any effect on or of these genes. 188
189
Many of the genes involved in Drosophila leg development are known, and many of 190 these were down-regulated in our transcriptome data (Supplementary data S8). 191
Quantitative PCR was carried out to validate the gene expression changes in L3 leg 192 discs of GAL4-ptc>miR-309-6, GAL4-ptc>miR-309-5 and GAL4-ptc>miR-6-1/6-2/6-193 3 ( Fig. 4A-G) . Our data showed that several leg patterning genes (such as zfh-2, Sp1, 194 Egfr, dysf) were significantly down-regulated in mutant leg discs, suggesting repression 195 of leg developmental genes by components of this microRNA cluster. UAS-RNAi lines 196 of these down-regulated genes were crossed to GAL4-ptc and GAL4-Dll, and we found 197 To determine if there are other genes affecting leg development, two sets of 209 differentially expressed genes were screened for further analyses, including 1) genes 210 with significant expression change between controls and overexpression experiments, 211
and 2) genes not expressed in the microRNA overexpression experiments but which are 212 highly expressed in the controls. Twenty-four genes were identified as differentially 213 expressed including Arc1, Ag5r, Ag5r2, CG5084, CG5506, CG6933, CG7017, CG7252, 214 CG7714, CG14300, CG17826, Eig71Eb, Hsp68, Hsp70Bb, Hsp70Bc, Mtk, Muc96D, 215
Peritrophin-15a, Sgs3, Sgs5, stv, Obp99a, obst-I, and w (Supplementary data S8) . 216
Genes that were absent or down-regulated in the GAL4-ptc>miR-309-6 compared to 217 controls were further tested by generating GAL4-ptc or Dll >UAS-RNAi lines for each 218 gene, to check whether a short leg phenotype was observed. Similarly, GAL4-ptc or 219
Dll >UAS-lines were generated for each gene that was upregulated in GAL4-ptc>miR-220 309-6. None of these individual manipulations were found to cause shortening of the 221 leg or loss of tarsal segments (Supplementary data S9). 222
223
To further explore the genes being controlled by individual members of this miR-309-224 6 cluster, we transfected different combinations of the cluster microRNAs into 225
Drosophila S2 cells and sequenced the transcriptomes. There were 178 differentially 226 expressed genes in total when comparing to the controls (Fig. 5 ). Among these genes, 227
113 genes (~63.5%) and 65 genes (~36.5%) are commonly or uniquely regulated by 228 microRNA cluster members, respectively (Supplementary data S10). Gene ontology 229 (GO) enrichment analysis was carried out between the gene lists resulting from 230 transfection of the whole cluster versus the younger members of the cluster (miR-6-231 1/2/3). There is no clear difference between the processes targeted by the whole cluster 232 relative to the miR-6-1/2/3 sub-cluster, even in the 'unique' target category 233 (Supplementary data S11). 234
235
A question that has been frequently asked within the field is whether it is crucial and 236 important for protein coding genes to be regulated by microRNAs. In some views, given 237 In addition to selection on the temporal and spatial aspects of microRNA cluster 280 expression, levels of microRNA expression also appear to be functionally important 281 and hence subject to selection. For example, when expressing only miR-309, miR-3, or 282 miR-286-4-5, no phenotypic effects were observed, while the summation of expressing 283 all of them (miR-309-5) resulted in phenotypic changes (Fig. 6A) . These results suggest 284 that as cluster composition evolves then selection on the promoter will also change, as 285 'tuning' of expression levels will likely be required in conjunction with changes to 286 cluster membership (Fig. 6B) . Given that expression of the younger members, miR-6-287 1/2/3, also results in similar phenotypes (Fig. 6A) , it is likely that new microRNA 288 members when arising in the microRNA cluster (via de novo formation or tandem 289 duplication), can also enhance the selective pressures acting on the microRNA cluster. 290
Another possibility is that individual microRNAs of a microRNA cluster can only target 291 the leg patterning genes weakly, and a phenotype can only result when multiple leg 292 genes are being targeted by multiple microRNAs in a cumulative manner. Plasticity-293 first evolution has been proposed as a predominant mechanism in nature (Levis and 294 Pfennig 2016), and microRNAs have been postulated as a "missing link" in this process, 295 by providing fine-tuning of expression networks and facilitating adaptation (Voskarides 296 2016). The evolution and functions of a microRNA cluster will then be a balance of 297 sequence mutations on its promoter that control the spatiotemporal aspects and levels 298 of cluster expression, and the functions of target genes either commonly or uniquely 299 regulated by microRNAs inside the cluster. MicroRNA clusters must thus be viewed as 300 integrated composites with both regulation and target affinities co-evolving in a 301 concerted fashion. 302
303
Methods 304
Genome-wide target prediction 305
Mature miRNA sequences were retrieved from the public repository for published 306 microRNA sequences at the miRBase database (http://www.mirbase.org). Eukaryotic 3' 307 untranslated region (UTR) sequences were retrieved from the public repository for 308 published mRNA sequences at FlyBase (ftp://ftp.flybase.net/releases/FB2018_01/). All 309 mature miRNAs were then used to predict targets in their respective genomes using the 310 miRanda algorithm (Enright et al 2003) with parameters (i.e. -sc S Set score threshold 311 to S 140 (from 140 to 772.00); -en -E Set energy threshold to -E kcal/mol (from -78.37 312 to -5.28); and -strict Demand strict 5' seed pairing). For D. melanogaster, target 313 prediction was also performed by Targetscanfly (Agarwal et al 2018) . 314 315
Fly culture, mutant construction, and insertion site checking 316
To prepare the overexpression constructs of D. melanogaster microRNA cluster miR-317 309-6 and miR-309-5, the corresponding stem-loop with flanking sequences was 318 amplified and cloned into the GAL4-inducible vector pUAST (primer information is 319 provided in Supplementary information S12). Constructs were sequenced prior to 320 injection into D. melanogaster w 1118 embryos. Flies were screened and crossed to 321 Vactor. All flies were maintained on standard yeast-cornmeal-agar medium at 25˚C. 332
Males and virgin females from each fly line were randomly collected for crossings. For 333 each crossing of GAL4 and UAS fly lines, three random males and three random virgin 334 females were used, and reciprocal crosses were carried out. At least three separate 335 crossings were performed for each GAL4 and UAS pair. 336 337
MicroRNA expressing vector construction and cell transfection 338
MicroRNAs were amplified from D. melanogaster (primer information shown in 339
Supplementary information S12). Amplicons were cloned into pAC5.1 vector 340 (Invitrogen). All constructs were sequenced to confirm their identities. 
